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Extraction of triterpenoids and phenolic
compounds from Ganoderma lucidum:
optimization study using the response
surface methodology†
Taofiq Oludemi, a,b,c Lillian Barros, a M. A. Prieto, a,d Sandrina A. Heleno, a,b
Maria F. Barreiro b and Isabel C. F. R. Ferreira *a
The extraction of triterpenoids and phenolic compounds from Ganoderma lucidum was optimized by
using the response surface methodology (RSM), using heat and ultrasound assisted extraction techniques
(HAE and UAE). The obtained results were compared with that of the standard Soxhlet procedure. RSM
was applied using a circumscribed central composite design with three variables (time, ethanol content,
and temperature or ultrasonic power) and five levels. The conditions that maximize the responses (extrac-
tion yield, triterpenoids and total phenolics) were: 78.9 min, 90.0 °C and 62.5% ethanol and 40 min,
100.0 W and 89.5% ethanol for HAE and UAE, respectively. The latter was the most effective, resulting in
an extraction yield of 4.9 ± 0.6% comprising a content of 435.6 ± 21.1 mg g−1 of triterpenes and 106.6 ±
16.2 mg g−1 of total phenolics. The optimized extracts were fully characterized in terms of individual phe-
nolic compounds and triterpenoids by HPLC-DAD-ESI/MS. The recovery of the above-mentioned bio-
active compounds was markedly enhanced using the UAE technique.
1. Introduction
The globalization of the food, cosmetic and pharmaceutical
industries, together with consumer’s awareness of natural-
derived solutions, has led to an increased demand for natural
bioactive compounds to be used in the design of functional
foods, multifunctional cosmeceutical products and pharmaco-
logically active formulations. Ganoderma lucidum (Curtis)
P. Karst. (commonly referred to as lingzhi in China, reishi in
Japan and yeongji in South Korea) is a medicinal mushroom
that has been consumed for several years due to its many
recognized health benefits.1 Mycelium, fruiting bodies and
spores have all been reported to reveal different bioactive pro-
perties such as antioxidant, antitumor, anti-inflammatory,
antimicrobial, antityrosinase, antimalaria, hypoglycemic and
anti-HIV-1 activities, and they are being used in the treatment
of cancer, hypertension, insomnia, anorexia, dizziness,
chronic hepatitis, immunosuppression and hypercholesterole-
mia.2,3 Their bioactive and nutritional composition includes
carbohydrates (mono-, oligo- and polysaccharides), terpenoids
(monoterpenes, sesquiterpenes, diterpenes and triterpenes),
nucleotides, steroids (ergosterol), fatty acids (saturated, mono-
unsaturated and polyunsaturated fatty acids), vitamins (B1, B2,
B6), proteins, minerals (calcium, phosphorus, iron and mag-
nesium), organic acids (malic and citric) and glycol-peptides,
among other constituents.4 Phenolic compounds, terpenoids
and polysaccharides (mainly β-glucan) are described as major
contributors to the above-mentioned bioactive properties.5 In
particular, there are several studies reporting the optimization
of β-glucan extraction from the fruiting bodies of G.
lucidum.6–8
Terpenoids are one of the most widespread natural com-
pounds in medicinal plants and mushrooms. Among the
various sub-types of terpenoids, triterpenes are the most abun-
dant in G. lucidum. The HPLC-DAD-ESI/MS analyses of the
fruiting bodies have revealed the presence of triterpenes such
as ganoderiol F, ganoderic acid B, ganoderiol B, lucidenic
acid O, lucidenic lactone and cerevisterol.9–11 Because of their
well-reported bioactive properties, some studies focused on
the optimization of the cultivation practices of this mushroom
have been conducted. Among them, the use of submerged fer-
†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7fo01601h
aCentro de Investigação de Montanha (CIMO), Instituto Politécnico de Bragança,
Campus de Santa Apolónia, 5300-253 Bragança, Portugal. E-mail: iferreira@ipb.pt;
Fax: +351-273-325405; Tel: +351-273-303219
bLaboratory of Separation and Reaction Engineering – Laboratory of Catalysis and
Materials (LSRE-LCM), Bragança Polytechnic Institute, 5301-857 Bragança, Portugal
cGIP- USAL, Unidad de Nutrición y Bromatología, Faculty of Pharmacy, University of
Salamanca, Campus Miguel de Unamuno, 37007 Salamanca, Spain
dNutrition and Bromatology Group, Faculty of Food Science and Technology,
University of Vigo, Ourense Campus, E32004 Ourense, Spain




































View Journal  | View Issue
mentation by manipulating parameters such as the medium
components, oxygen supply and pH aiming at achieving the
biotechnological production of triterpenes was reported.12
However, very few reports are available describing the extrac-
tion optimization of these compounds from G. lucidum.13
The phenolic compound composition of G. lucidum has
been widely studied with phenolic acids being the most promi-
nent class, which include chlorogenic, cinnamic, gallic, proto-
catechuic, p-hydroxybenzoic and p-coumaric acids. These com-
pounds have been related to the antioxidant, antimicrobial,
anti-tyrosinase and anti-inflammatory activities of G.
lucidum.14–18
Generally, solid–liquid extraction using conventional tech-
niques such as Soxhlet extraction (SE) and heat assisted extrac-
tion (HAE) requires the consumption of large amounts of
solvent and these are time-consuming processes. In this
context, several non-conventional extraction techniques are
being successively proposed and applied to maximally extract
valuable compounds from natural matrices using much more
amiable conditions. Among them, ultrasound assisted extrac-
tion (UAE) is one of the most widely used alternative extraction
methods, offering the advantage of achieving interesting
results using, for example, hydroalcoholic mixtures. Moreover,
some advantages over other conventional systems include the
use of lower extraction times and lower solvent
consumption.19–21
Independently of the employed system, the extraction of
target compounds is often influenced by several variables,
which require individual analysis due to their intrinsic nature
and stability. Therefore, it is essential to define the main vari-
ables and relevant responses prior to the optimization process
in order to determine the values corresponding to response
maximization according to the defined objectives (e.g. using
minimum time, energy and solvent to achieve a cost-effective
and profitable extraction system).22 To effectively carry out an
optimization, the influence of each defined variable should be
independently assessed. Nevertheless, the application of math-
ematical models such as the response surface methodology
(RSM) is gaining visibility among the scientific community.
Through RSM design, the optimization of possible interactions
between experimental variables is allowed simultaneously with
the prediction of the most efficient conditions. This is
achieved by using second-order polynomial models with inter-
actions that are able to describe and maximize the selected
response criteria, based on the tested experimental range.23
RSM is utilised to optimise the process conditions from extrac-
tion, controlled release from pharmaceutical formulations,
and production of microbial enzymes and other metabolites,
making it a vital tool to improve the system performance in
the food and biopharmaceutical industries.24
The purpose of the present work was to optimize and
compare the extraction of phenolic compounds and triter-
penes from G. lucidum for application in the food, pharma-
ceutical and cosmetic industries using SE, HAE and UAE. For
this, the extraction yield and the content of triterpenes and
total phenolics were maximized by RSM using ethanol solvent
proportion (hydroethanolic mixtures), time, temperature and
ultrasonic power (in the case of UAE) as independent variables.
The extracts corresponding to the optimal conditions were
fully characterized in terms of individual phenolic compounds
and triterpenoids by HPLC-DAD-ESI/MS analysis.
2. Materials and methods
2.1. Standards and reagents
Perchloric acid 70% and glacial acetic acid were purchased
from Fisher Chemicals (Loughborough, UK). Ursolic acid was
purchased from Acros Organics (New Jersey, USA), vanillin was
obtained from Labkem (Barcelona, Spain), while all the other
chemicals and solvents were of analytical grade and purchased
from common suppliers. Water was treated in a Milli-Q water
purification system (TGI Pure Water Systems, Greenville, SC,
USA).
2.2. Mushroom material
The fruiting bodies of Ganoderma lucidum were provided by
BioReishi, Portugal (reishi producers; Batalha, Portugal) in the
form of a dry powdered material. For all the experiments, three
samples were analysed and all the assays were carried out in
triplicate.
2.3. Soxhlet extraction as the standard technique
Soxhlet extraction was chosen as the standard technique, it
being also a HAE. The powdered samples (3.0 g) were extracted
with 100 mL of ethanol by refluxing in a Soxhlet apparatus. To
compare the efficiency of the extraction system, the number of
cycles in the Soxhlet system was taken into consideration and
up to seven cycles were analysed. After the desired number of
cycles, the solvent was evaporated under reduced pressure
(rotary evaporator Büchi R-210, Flawil, Switzerland) to obtain
the dried ethanolic extracts.
2.4. Optimization of the HAE and UAE techniques as
alternatives towards process industrialization
Based on a combination of in-house knowledge (previous
extractions performed in our laboratory) and a performed bib-
liographic survey, the relevant variables and appropriate
ranges for the studied extraction techniques (HAE and UAE)
were selected and tested. A detailed description of the vari-
ables and considered ranges to support the RSM design is pre-
sented in Table 1. The solid/solvent ratio was kept constant
(30 g L−1) for all the techniques (HAE and UAE).
2.4.1. Heat assisted extraction (HAE). The dry powdered
samples (600 mg) were placed in an extraction vial with 20 mL
of solvent (hydroethanolic mixtures, with different % of
ethanol) in order to obtain the desired solid/liquid ratio
(30 g L−1). The vial was then introduced into a thermostated
water bath under continuous electro-magnetic stirring for the
required time. The tested variables and ranges were: time (t or
X1, 10 to 160 min), temperature (T or X2, 20 to 90 °C) and
ethanol content (S or X3, 0 to 100%).
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Table 1 Experimental design and responses achieved. Variable values of the RSM experimental design applied in HAE and UAE are presented in coded and natural values. Extraction time (X1: t ),
temperature or power (X2: T or P), and solvent proportion (X3: S) are combined in a five-level experimental design of 14 independent variable combinations and 6 replicates at the centre of the
experimental domain (20 data points). The results of the response surface experimental plan for the HAE and UAE optimization process of independent variables comprise the following: (1) %
extraction yield of R; (2) Tr content in the format values Y1 and Y2; and (3) Ph content in the format values Y1 and Y2
Experimental design HAE responses UAE responses
Coded values HAE conditions UAE conditions
Residue
Triterpene content Phenolic content
Residue



































1 −1 −1 −1 40 35 20.3 13.5 180 20.3 3.83 3.60 93.81 2.54 66.17 4.30 7.02 163.25 3.02 70.25
2 1 −1 −1 130 35 20.3 33.5 180 20.3 3.86 3.67 95.51 2.71 68.93 4.62 7.54 162.89 3.20 66.31
3 −1 1 −1 40 75 20.3 13.5 420 20.3 6.99 3.51 50.27 3.61 56.10 3.64 6.12 167.79 2.96 85.32
4 1 1 −1 130 75 20.3 33.5 420 20.3 3.35 3.46 103.56 3.17 90.08 4.56 6.89 152.82 4.46 102.08
5 −1 −1 1 40 35 79.7 13.5 180 79.7 15.51 7.49 48.23 5.93 39.03 7.02 17.10 245.65 6.28 88.60
6 1 −1 1 130 35 79.7 33.5 180 79.7 10.84 13.02 120.14 5.82 49.16 5.77 21.62 374.96 6.67 110.81
7 −1 1 1 40 75 79.7 13.5 420 79.7 8.14 13.52 166.27 6.00 73.68 5.58 18.68 336.73 6.22 112.65
8 1 1 1 130 75 79.7 33.5 420 79.7 11.64 12.91 112.18 5.79 52.18 5.10 16.00 314.30 6.13 123.25
9 −1.68 0 0 9 55 50 6.7 300 50 5.11 11.07 219.19 5.41 105.77 8.55 13.06 152.92 7.56 93.81
10 1.68 0 0 160 55 50 40.3 300 50 8.50 15.21 181.41 6.21 72.92 6.04 11.43 189.26 5.93 96.17
11 0 −1.68 0 85 20 50 23.5 100 50 6.02 11.44 189.85 5.86 100.62 6.09 14.35 235.76 6.28 100.93
12 0 1.68 0 85 90 50 23.5 500 50 4.50 14.66 325.37 7.38 160.39 8.48 10.92 128.66 6.80 84.99
13 0 0 −1.68 85 55 0 23.5 300 0 4.97 4.67 94.41 3.27 78.27 7.19 4.75 65.07 3.43 48.74
14 0 0 1.68 85 55 100 23.5 300 100 5.74 12.34 214.20 3.61 59.34 3.71 15.24 410.68 4.90 126.09
15 0 0 0 85 55 50 23.5 300 50 5.52 12.29 222.66 5.28 100.74 6.59 11.01 166.99 6.04 100.37
16 0 0 0 85 55 50 23.5 300 50 5.14 11.52 224.43 5.29 103.52 6.08 10.46 172.13 6.84 114.00
17 0 0 0 85 55 50 23.5 300 50 4.84 11.73 242.70 5.36 110.75 6.42 10.94 170.70 6.44 97.82
18 0 0 0 85 55 50 23.5 300 50 5.26 11.83 225.40 5.49 105.00 6.63 10.58 159.78 6.39 96.54
19 0 0 0 85 55 50 23.5 300 50 4.74 10.77 228.07 5.04 104.53 6.54 10.01 153.68 6.44 99.14


















































































2.4.2. Ultrasound-assisted extraction (UAE). UAE was
carried out in an ultrasonic device (QSonica sonicators, model
CL-334, Newtown, CT, USA). The dried powdered samples (3 g)
were extracted with 100 mL of solvent (hydroethanolic mix-
tures, with different % of ethanol) at a solid/liquid ratio of
30 g L−1 for different times (t or X1, 7 to 40 min), under
different ranges of applied ultrasound power (P or X2, 100 to
500 W) and ethanol content (S or X3, 0 to 100%). The tempera-
ture was monitored in order to be below 30–35 °C.
2.5. Determination of the extraction yield
The obtained extraction solutions were filtered through
Whatman paper no. 4 and then evaporated under reduced
pressure to remove the solvent. The extraction yield was
expressed as a percentage (%, w/w) calculated by dividing the
weight of the recovered residue (extract, R) by the weight of the
used dry sample (Ganoderma lucidum, dw) and given as
response Y3.
2.6. Determination of the extract’s phytochemical content
2.6.1. Quantification of triterpenes. The total triterpene
content (Tr) was evaluated according to the protocol reported
previously.25 Briefly, in the first step, 2.5 mg of the G. lucidum
extract was dissolved in 1 mL of methanol. Thereafter, 100 μL
of this solution was mixed with a vanillin–glacial acetic acid
solution (150 μL, 5% w/v) and a perchloric acid solution
(500 μL, 70%). Triplicates were prepared. The sample solutions
were further heated for 45 min at 60 °C and then cooled in an
ice-water bath followed by the addition of glacial acetic acid
(2.25 mL). The absorbance of the sample solutions was
measured at 548 nm against a blank (methanol), using a UV-
visible-light spectrophotometer (UV-160A; Shimadzu
Corporation, Kyoto, Japan). Ursolic acid was used as a stan-
dard to prepare a calibration curve in the adequate range of
concentrations (0.0078–0.5 mg mL−1 in methanol). The results
were expressed as mg of ursolic acid equivalents (mg equiv.
UA).
2.6.2. Quantification of total phenolics. The total pheno-
lics (Ph) in the mushroom extract was estimated using a colori-
metric assay based on the procedure reported previously.16 In
brief, the extract solution (0.5 mL, 1 mg mL−1) was mixed with
the Folin–Ciocalteu reagent (2.5 mL, previously diluted in
water 1 : 10, v/v) and sodium carbonate (Na2CO3; 2 mL, 75
g L−1). The tubes containing the solutions were then vortexed
for 15 s and allowed to stand for 30 min at 40 °C for colour
development. The absorbance was then measured at 765 nm
against a blank (methanol). Gallic acid (chosen as the stan-
dard) was used to obtain the calibration curve (0.0094–0.15
mg mL−1), and the results were expressed as mg of gallic acid
equivalents (mg equiv. GA).
2.6.3. Response format values to present the results of
total triterpenes and total phenolics. The results of Tr and Ph
were expressed according to two response (Y) format values:
Y1, in mg per g of G. lucidum dry weight material (mg per
g dw), which was specifically used to determine the individual
yields in terms of Tr and Ph; and Y2, in mg per g of extract
residue (mg per g R), which was specifically used to evaluate
the content of Tr and Ph in the extract.
2.7. Experimental design, model analysis and optimization
method for the HAE and UAE techniques
2.7.1. Experimental design. The influence of the various
independent variables, defined for the HAE and UAE tech-
niques, was studied using one-factor-at-a-time to select the sig-
nificant ones and to determine their preliminary range. Based
on previous experimental results (data not shown), the vari-
ables X1 (time in min), X2 (temperature in °C or power in W)
and X3 (ethanol content in %) were selected for the RSM
design. Therefore, the combined effect of these three variables
on the achieved extraction yield (Y1) and content of Tr and Ph
in G. lucidum (maximizing responses individually or globally)
was studied using the circumscribed central composite design
(CCCD) as proposed previously.26 The responses were solved
using 20 independent combinations and 6 replicates at the
centre of the experimental domain. In this design, the experi-
mental points are generated on a sphere around the centre
point. It is supposed that the centre point is close to an
optimum position for the response, so it is repeated to maxi-
mize the prediction.27 5 Levels of each factor were also necess-
ary in this design. Experimental runs were randomized to
minimize the effects of unexpected variability in the observed
responses. A detailed description of the mathematical
expressions used to calculate the design distribution and to
decode and code the tested variable’s ranges is presented in
Table 1. Once the optimal conditions (X1, X2 and X3) were
found, the next step was to optimize the solid/liquid ratio (S/L
or X4, expressed in g L
−1), in order to scale up processes and
maximize the extraction efficiency.
2.7.2. Mathematical model. The response surface models
were fitted by means of least-squares calculation using the fol-
lowing second-order polynomial equation:













where Y is the dependent variable (response variable) to be
modelled, Xi and Xj define the independent variables, b0 is the
constant coefficient, bi is the coefficient of the linear effect, bij
is the coefficient of the interaction effect, bii is the coefficient
of the quadratic effect and n is the number of variables. As
dependent variables, for each extraction technique, the follow-
ing responses were used: the R extraction yield and the two
format values (Y1 and Y2) defined for Tr and Ph, reflecting,
respectively, the content of Tr or Ph in the dry material and in
the extract (5 genuine responses for each extraction
technique).
2.7.3. Procedure to optimize the variables to a maximum
response. A maximization process of the model-produced
responses was achieved, using a simple method tool to solve
non-linear problems.28,29 Limitations were made to the vari-
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able coded values to avoid unnatural conditions (i.e., times
lower than 0).
2.8. Chemical characterization of the extracts
For the characterization of the individual compounds of Tr
and Ph, the extracts produced under the optimal achieved con-
ditions, for SE, HAE and UAE, were dissolved at a concen-
tration of 10 mg mL−1 in an ethanol : water mixture (20 : 80
v/v), then filtered through a 0.22 μm nylon syringe filter and
further analyzed by HPLC-DAD-ESI/MSn on a Dionex Ultimate
3000 UPLC (ThermoScientific, San Jose, CA, USA) system,
equipped with a diode array detector coupled with an electro-
spray ionization mass detector, a quaternary pump, an auto-
sampler (kept at 5 °C), a degasser and an automated thermo-
stated column section (kept at 35 °C). Waters Spherisorb S3
ODS-2 C18 (3 μm, 4.6 × 150 mm, Waters, Milford, MA, USA)
was used. The solvents were (A) 0.1% formic acid in water and
(B) acetonitrile. The applied gradient elution was: 15% B
(0–5 min), 15% B to 20% B (5–10 min), 20–25% B (10–20 min),
25–35% B (20–30 min), 35–50% B (30–40 min); the column
was then re-equilibrated, using a flow rate of 0.5 mL min−1.
The data were collected simultaneously with DAD (280 and
370 nm) and in negative mode detection on a linear ion trap
LTQ XL mass spectrometer (ThermoScientific, San Jose, CA,
USA), following a procedure reported previously.30 Sheath gas
(nitrogen) was kept at 50 psi. Other parameter settings were:
source temperature 325 °C, spray voltage 5 kV, capillary voltage
−20 V, tube lens offset −66 V, and collision energy 35 arbitrary
units. The full scan captured the mass between m/z 100 and
1800. An Xcalibur® data system (ThermoScientific, San Jose,
CA, USA) was used for data acquisition. For identification, the
retention times, of the UV-VIS and mass spectra, were com-
pared with those of the available standards and the data from
the literature were further used to tentatively identify the
remaining compounds. To perform quantitative analysis, the
calibration curves of the available Ph and Tr standards were
constructed based on the UV signal (protocatechuic acid: y =
214168x + 27 102; R2 = 0.999; p-hydroxybenzoic acid: y =
208604x + 173 056; R2 = 0.999; syringic acid: y = 376056x +
141 329; R2 = 0.999 and ganoderic acid A: y = 2539.7x, R2 =
0.999). The identified compounds with unavailable commer-
cial standards were quantified using the available calibration
curve of the most similar standard. The results were expressed
in the response format of Y2 (mg per g R).
2.9. Fitting procedures and statistical analysis
The statistical analysis of the experimental results and fitting
was performed according to the equations for the responses
obtained using a Microsoft Excel spreadsheet in three phases:
(1) The measurement of the coefficients was achieved using
the nonlinear least-squares (quasi-Newton) method provided
by the macro ‘Solver’ in Microsoft Office Excel,31 by minimiz-
ation of the sum of the quadratic differences between the
observed and model-predicted values.
(2) The significance of the coefficients was obtained via the
‘SolverAid’ macro in Microsoft Office Excel32 to determine the
parametric confidence intervals. The terms that were not stat-
istically significant (p-value > 0.05) were dropped to simplify
the model.
(3) Model reliability was confirmed by applying the follow-
ing standards: (a) the Fisher F-test (α = 0.05) was used to deter-
mine the consistency of the constructed models to describe
the obtained data;33 (b) the ‘SolverStat’ macro in Microsoft
Office Excel was used to make an assessment of the parameter
and model prediction uncertainties;34 and (c) R2 was deter-
mined to explain the proportion variability of the dependent
variable obtained by the model.
3. Results and discussion
3.1. Extraction efficiency by using the Soxhlet technique
The extraction conditions used in the SE technique were
selected by applying 7 cycles that correspond to a total extrac-
tion time of 4 h. The solvent used was ethanol and the extrac-
tion was performed at its boiling point (80 °C). However,
depending on the compounds to be extracted, the number of
time-cycles can influence the recovered quantity. For the
studied target compounds (Tr and Ph), there are many scien-
tific references suggesting a significant degradation rate at
ethanol’s boiling point as the time-cycles are prolonged.35
Therefore, to optimize the number of cycles and conse-
quently measure the total content of Tr and Ph at its
maximum, the time-cycle (note that each cycle accounts
approximately for a 30 min period) of SE for G. lucidum was
monitored.
Fig. 1 shows the effect of the number of time-cycles on the
content of Tr (part A) and Ph (part B); the results were
obtained in triplicate for each considered time-cycle and confi-
dence intervals were calculated (α = 0.05). For Tr content
(Fig. 1, part A), a positive linear dependency was achieved for
the responses Y3 and Y1. At the final number of performed
time-cycles, the response Y1 shows an asymptotic-decreasing
extraction stage (likely to be related to the maximum extraction
level of Tr combined with the slight degradation of Tr).
However, the increase in Y3 is more prominent than the one
observed for Y1, suggesting that other compounds of the
sample start to be extracted at higher rates than Tr, which also
intensifies the decrease in Y2, causing a sharp decrease in Tr
content in R, which is reflected by the decreasing patterns of
Y2 (from 410 to 150 mg equiv. UA per g R). Although the Tr
content in R is lower, the overall number of optimal time-
cycles for Tr extraction was determined to be 5–6 in which
∼14 mg equiv. UA per g dw was obtained. These claims have
been supported by other authors36 who reported that the
extraction of Tr from G. lucidum is largely influenced in the T
range between 80 and 100 °C and if prolonged time-cycles of
2 h (∼4 cycles) are used.
Regarding Ph from G. lucidum, a nearly identical pattern
to the one described for Tr was observed. The Ph content
expressed in terms of Y1 was found to increase significantly
up to 5 time-cycles (∼5 mg equiv. GA per g dw) reaching a
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maximum value before a gradual decrease starts to be
observed (likely attributed to the degradation rates of Ph).
The Y3 response increases linearly with the increase in the
number of time-cycles, presenting also a higher slope when
compared with the Y1 response, finishing with a sharp
decrease in the Ph content in the dry material. In terms of
the Ph content in the extract (Y2 format value), the number
of time-cycles maximizing its value was achieved in the
early stages of the process (1–3 time-cycles with ∼160 mg
equiv. GA per g R), thereafter decreasing significantly as the
extraction process is extended. This behaviour is similar to
the one reported for the extraction of flavonoids from
the flowers of Tabernaemontana heyneana Wall.35 To the
authors best knowledge, the effect of the applied time-
cycles number on the extraction efficiency of Tr and Ph
from G. lucidum, through SE, has not been previously
reported.
3.2. Extraction efficiency of HAE and UAE optimized using
RSM
3.2.1. Theoretical response surface models. The selected
variables for the techniques of HAE (t, T and S variables) and
UAE (t, P and S variables) of the applied CCCD experimental
design (Table 1) were based on preliminary tests and infor-
mation collected from bibliographic data.10,23,37
The obtained results, according to the proposed RSM
design (based on a CCCD), are shown in Table 1 for the
optimization of the HAE and UAE techniques using as
responses the extraction yield (%) and Tr and Ph in the format
values Y1 and Y2. Therefore, by using a non-linear least-
squares procedure to fit eqn (1) to the response results, the
estimated parametric values of the equation, parametric confi-
dence intervals (α = 0.05) and relevant statistical values to
assess the goodness of fit are presented in the first part of
Table 2. Those coefficients which showed effects with coeffi-
cient interval values higher than the parameter value were con-
sidered as non-significant (ns) and were not considered for the
model development.
Consequently, non-linear equations were built based on the
second-order polynomial model of eqn (1). Then, for the HAE
system:
PhHAEY1 ¼ 5:3þ 0:16tþ 0:01T þ 1:2Sþ 0:05T 2  1:1S 2 ð2Þ
TrHAEY1 ¼ 11:6þ 2:1tþ 0:5T þ 3:7S 0:28t 2  1:7S 2
 0:11tSþ 1:3TS ð3Þ
YieldHAE ¼ 5:3 0:46T þ 3:2Sþ 1:1t 2 þ 0:96S 2  1:4TS ð4Þ
PhHAEY2 ¼ 108:1þ 10:4T  7:9S 12:6t 2  20:1S 2 ð5Þ
TrHAEY2 ¼ 220:1 14:1tþ 38:4T  23:4t 2  37:4S 2
 39:4tT þ 20:6TS ð6Þ
and for the UAE process:
PhUAEY1 ¼ 6:45þ 1:22S 0:23t 2  1:17S 2 þ 0:21tP
 0:23tS 0:19PS ð7Þ
TrUAEY1 ¼ 11:2 0:62P þ 4:41Sþ 0:55P 2  0:54S 2  0:58tS
ð8Þ
YieldUAE ¼ 6:64 0:35tþ 0:73S 1:4S 2  0:27tS 0:41PS ð9Þ
PhUAEY2 ¼ 96:7þ 1:9tþ 3:7P þ 18:4S 2:5S 2 þ 4:5tP  2:5PS
ð10Þ
TrUAEY2 ¼ 178:9þ 89:5Sþ 30:5S 2  19:3tP: ð11Þ
These equations translate the patterns for the individual
measurement of the assessed response (eqn (2) to (6) for HAE
and eqn (7) to (11) for UAE). Note that not all the parameters
of eqn (1) were used for building the model since some coeffi-
cients were rejected (Table 2). The profile patterns derived
from the parametric values of these mathematical models on
the assessed response criteria can also be depicted by graphi-
cal representation. Fig. 2 and 3 present a 3D graphical analysis
Fig. 1 Results obtained for the cycle optimization of the conventional
Soxhlet extraction using the response extraction yield and the two
format values (Y1 and Y2) of the Tr and Ph content.
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of the results concerning the extraction yield and Ph and Tr
(expressed as Y1 and Y2) for the studied techniques (HAE and
UAE).
Regarding the interactive effects for the HAE system in
terms of Tr-Y1, there was no significant interaction between t &
T but a positive correlation for the pairs t & S and T & S was
observed. In terms of Tr-Y2, there was a negative correlation for
t & T and a positive correlation for t & S, and no interaction for
T & S. In the case of the HAE system in terms of Ph-Y1 and Ph-
Y2, no interaction was found among the variables t, T and S.
For the UAE system in terms of Tr-Y1, there was no significant
interaction between t & S, and P & S while a negative inter-
action for t & P was observed. In terms of Tr-Y2, there was a
negative correlation for t & P, a positive correlation for t & S,
and no interaction for P & S. Also in Ph-Y1, there was a negative
correlation for t & S and P & S. No significant interaction was
observed in terms of Ph-Y1 and Ph-Y2 between t & P, while for P
& S it was negative for Ph-Y1 and not significant for Ph-Y2.
The regression coefficients related to the interactive effects
of the responses are presented in Table 2 suggesting that the
use of a RSM approach to optimize the extraction responses
(extraction yield and Tr and Ph (expressed as Y1 and Y2)) for
both systems (HAE and UAE) is correctly justified. If
approaches based on one-variable-at-a-time were applied, the
high level of interactions seen between the variables will make
the optimum values difficult to determine. As an illustrative
example, Fig. 2 shows the response of Tr in HAE representing
the effect of T & S (at constant values of t ), in which the related
parameter shows a positive value b23 of 1.27 ± 0.3 that causes
an increased extraction of Tr as both variables increase (closely
related to synergistic effects). However, by looking at their indi-
vidual profile, at fixed values for the other, such interactions
will be nearly impossible to predict without a large investment
on experimental analysis.
In terms of the statistical analysis of the fitting of the
models to the responses, the lack-of-fit test used to assess the
competence of the models showed that the significant para-
meters in both RSM approaches (Table 2) were highly consist-
ent (p < 0.01) and if any of them was suppressed, the achieved
solution would not be acceptable. This was also verified by the
achieved high R2 value, indicating the percentage of the varia-
bility explained by the model (Table 2). In all cases, R2 was
higher than 0.8, with values over ∼0.9 in almost all responses.
The residual distribution presented in Fig. 2 was arbitrarily
around zero and no groups of values or autocorrelations were
observed. Additionally, the agreement between the experi-
mental and predicted values implies an acceptable explanation
of the obtained results through the used independent vari-
ables. Therefore, the models developed in eqn (2) to (6) for
HAE and eqn (7) to (11) for UAE are completely functional and
adequate to be used for prediction and process optimization.
3.2.2. Overall effects of the process variables on the target
responses. Fig. 2 shows the extraction results in terms of Ph-Y1
and Tr-Y1 (mg per g dw) for HAE and UAE, respectively. Each
Table 2 Estimated coefficient values obtained from the second-order polynomial model, parametric intervals and numerical statistical criteria for
each parametric response criterion of the extraction systems tested (HAE and UAE). Response criteria comprise the following: (1) % extraction yield;
(2) Tr content in the format values Y1 and Y2; and (3) Ph content in the format values Y1 and Y2
Parameters
Residue
Triterpene content Phenolic content
Yield Y1 Y2 Y1 Y2
Heat assisted extraction (HAE)
Intercept b0 5.37 ± 1.0 11.62 ± 0.7 220.09 ± 25.2 5.33 ± 0.3 108.07 ± 10.5
Linear effect b1 ns 2.15 ± 0.7 −14.12 ± 12.6 0.16 ± 0.0 ns
b2 −0.46 ± 0.3 0.51 ± 0.7 38.37 ± 18.7 0.01 ± 0.0 10.44 ± 7.7
b3 3.24 ± 0.7 3.67 ± 0.7 ns 1.21 ± 0.0 −7.99 ± 7.7
Quadratic effect b11 1.01 ± 0.7 −0.28 ± 0.1 −23.41 ± 18.7 ns −12.63 ± 7.9
b22 ns ns ns 0.05 ± 0.0 ns
b33 0.96 ± 0.7 −1.73 ± 0.7 −37.41 ± 18.7 −1.07 ± 0.0 −20.01 ± 7.9
Interactive effect b12 0.35 ± 0.3 ns −39.42 ± 18.7 ns ns
b13 ns −0.11 ± 0.3 20.62 ± 18.7 ns ns
b23 −1.38 ± 0.9 1.27 ± 0.3 ns ns ns
Statistics (R2) 0.8948 0.8978 0.8136 0.9104 0.8210
Ultrasound assisted extraction (UAE)
Intercept b0 6.64 ± 0.3 11.26 ± 0.7 178.99 ± 17.7 6.45 ± 0.3 96.70 ± 1.8
Linear effect b1 −0.35 ± 0.3 ns ns ns 1.95 ± 1.8
b2 ns −0.62 ± 0.5 ns ns 3.67 ± 1.8
b3 0.73 ± 0.3 4.41 ± 0.5 89.57 ± 16.0 1.22 ± 0.2 18.44 ± 1.8
Quadratic effect b11 ns ns ns −0.23 ± 0.2 ns
b22 ns 0.55 ± 0.5 ns ns ns
b33 −1.36 ± 0.3 −0.54 ± 0.5 30.50 ± 16.3 −1.17 ± 0.2 −2.53 ± 1.8
Interactive effect b12 ns ns −19.32 ± 9.9 0.21 ± 0.2 4.55 ± 1.8
b13 −0.27 ± 0.3 −0.58 ± 0.3 ns −0.23 ± 0.2 ns
b23 −0.41 ± 0.3 ns ns −0.19 ± 0.2 −2.55 ± 1.8
Statistics (R2) 0.9222 0.9349 0.9330 0.9223 0.9013
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subfigure of Fig. 2 is divided into two subsections (A and B).
Subsection A shows the combination of the predicted three-
dimensional response surface plots with their respective
second-order polynomial eqn (1) as a function of each one of
the involved variables, as described by eqn (2) and (3) for HAE
and eqn (7) and (8) for UAE. The binary action between the
variables is presented when the excluded variable is positioned
at the centre of the experimental domain (see Table 1).
Subsection B illustrates the capability to predict the obtained
results and the residual distribution as a function of each one
of the considered variables. The response surfaces of the
different variable combinations displayed in Fig. 2 clearly
show the various trends observed when the interaction
between the variables is compared. The shape of each plot
indicates the significance of the interactions that occur
between the variables. The Tr-Y1 for the HAE technique
showed that S was the most significant variable with an
approximately linear effect. The Tr-Y1 for the UAE technique
Fig. 2 Graphical results in terms of the response surfaces of the format value of Y1 (mg per g dw) of Tr and Ph from the developed equations for
the HAE and UAE system optimizations. Part A: Joint graphical 3D analysis as a function of each of the variables involved. Each of the net surfaces
represents the theoretical three-dimensional response surface predicted with the second-order polynomial eqn (1) as a function of each one of the
involved variables and described by eqn (2) and (3) for HAE and eqn (7) and (8) for UAE. The statistical design and results are described in Table 1.
The estimated parametric values are shown in Table 2. The binary actions between the variables are presented when the excluded variable is posi-
tioned at the centre of the experimental domain (Table 1). Part B: To illustrate the goodness of fit, two basic graphical statistic criteria are used. The
first one, the ability to simulate the changes of the response between the predicted and observed data; and the second one, the residual distribution
as a function of each of the variables. Note all the differences in the axes scales.
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showed a non-linear interaction for P and t suggesting satur-
ation effects of the responses as the variables increase. The Ph-
Y1 for the HAE and UAE techniques showed a bell profile
behaviour indicating that the extraction increases as the con-
sidered variables (t, T, P and S) increase up to an optimum
point and, then, start to decrease. Thus, the analysis of these
response surface curves indicates the optimum level necessary
for each variable to optimize the extraction of the compound
Fig. 3 Joint graphical 3D analysis as a function of each of the variables involved for the HAE and UAE systems for the extraction yield of R obtained
and the response content of Tr and Ph in the format value of Y2 (mg per g R). Each of the net surfaces represents the theoretical three-dimensional
response surface predicted with the second-order polynomial eqn (1) as a function of each one of the involved variables and described by eqn (4),
(5) and (6) for HAE and eqn (9), (10) and (11) for UAE. The statistical design and results are described in Table 1. The estimated parametric values are
shown in Table 2. The binary actions between the variables are presented when the excluded variable is positioned at the centre of the experimental
domain (Table 1).
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of interest. In general terms, the information provided in
Fig. 2 shows that Tr-Y1 increases to an optimum value; mean-
while, Ph-Y1 increases to an optimum value and then
decreases. Therefore, in almost all the combinations, the
optimum can be found at one single point along the response,
allowing the computation of the conditions that lead to the
absolute or relative maximum.
Fig. 3 shows an illustrative 3D analysis representing the
effect of each one of the involved variables in the HAE and
UAE systems on the extraction yield (%) and Tr-Y2 and Ph-Y2
(mg per g R). Each one of the net surfaces represents the
response predicted by the second-order polynomial eqn (4), (5)
and (6) for HAE and eqn (9), (10) and (11) for UAE. The actions
between the two considered variables are presented when the
excluded variable is positioned at the centre of the experi-
mental domain (Table 1). The Ph-Y2 for HAE and UAE showed
a bell-shaped profile indicating that an increase in t and S
increases the content of Ph to a certain point, followed by a
significant decrease. These patterns are also found in the Tr-Y2
for HAE and UAE but to a lesser extent. As in SE, this behav-
iour is likely to be related to the joint action of the two pro-
cesses. The extraction yield increases at higher rates than the
content of Tr and Ph, suggesting that other compounds also
start to be extracted from the G. lucidum sample, which causes
a decrease in the content of both Tr and Ph since a maximum
extraction level is achieved. In addition, degradation of these
compounds may also occur justifying the strongest decrease
visualized in the produced surfaces.
3.2.3. Numerical individual and global optimal conditions
that maximize the extraction, statistical analysis and experi-
mental verification of predictive models. The response optim-
ization by RSM, for the HAE and UAE techniques, provides a
strong solution by minimizing errors using a small number of
experimental trials, as it was demonstrated elsewhere.38,39 The
multivariable fitting decreases the needed number of para-
meters to analyse the response leading to better estimations,
reducing their confidence interval and allowing the prediction
of the response behaviour. In addition, by applying a simple
procedure (considering the constraints to the experimental
ranges) the individual optimal conditions can be found, as
well as the maximal response values (the first part of Table 3).
Relative (marked with * when the optimal value may be
outside of the studied experimental range) or absolute optimal
conditions were found for all the responses as follows:
- For the extraction yield, HAE was the best solution; 21.3 ±
1.7% was achieved at *160.0 min, *20.0 °C and 100.0%
ethanol.
- For the Tr-Y1, UAE was the best solution; 21.3 ± 4.1
mg equiv. UA per g dw was achieved at *7 min, *100.0 W and
*100.0% ethanol.
Table 3 Operating conditions that maximize the extracted residue and the content of Tr and Ph compounds from G. lucidum. Response criteria
comprise the following: (1) % extraction yield; (2) Tr content in the format values Y1 and Y2; and (3) Ph content in the format values Y1 and Y2. Note
that the independent variable X2 in UAE is related to the power (W), while for HAE it is related to the temperature (°C). The operating optimal con-




X1: t (min) X2: T (°C) or P (W) X3: Et (%)
Individual optimal responses
Heat assisted extraction (HAE)
Yield *160.0 *20.0 *100.0 21.3 ± 1.7 (%)
Tr (Y1) *160.0 *90.0 *100.0 22.1 ± 2.9 (mg equiv. UA per g dw)
Tr (Y2) *10.0 *90.0 35.4 362.1 ± 33.1 (mg equiv. UA per g R)
Ph (Y1) *160.0 *20.0 65.7 6.3 ± 0.7 (mg equiv. GA per g dw)
Ph (Y2) 81.3 *90.0 49.1 125.9 ± 12.7 (mg equiv. GA per g R)
Ultrasound assisted extraction (UAE)
Yield *7.0 *100.0 70.6 7.8 ± 0.9 (%)
Tr (Y1) *7.0 *100.0 *100.0 21.3 ± 4.1 (mg equiv. UA per g dw)
Tr (Y2) *40.0 *100.0 *100.0 470.5 ± 41.7 (mg equiv. UA per g R)
Ph (Y1) 29.4 *500.0 59.7 6.7 ± 0.7 (mg equiv. GA per g dw)
Ph (Y2) *40.0 *500.0 *100.0 135.65 ± 15.7 (mg equiv. GA per g R)
Global optimal responses
Heat assisted extraction (HAE)
Yield 78.9 *90.0 62.5 5.2 ± 0.6 (%)
Tr (Y1) 14.6 ± 1.9 (mg equiv. UA per g dw)
Tr (Y2) 285.7 ± 31.2 (mg equiv. UA per g R)
Ph (Y1) 5.8 ± 1.2 (mg equiv. GA per g dw)
Ph (Y2) 116.9 ± 13.2 (mg equiv. GA per g R)
Ultrasound assisted extraction (UAE)
Yield *40 *100.0 89.5 4.9 ± 0.6 (%)
Tr (Y1) 17.4 ± 2.9 (mg equiv. UA per g dw)
Tr (Y2) 435.6 ± 21.1 (mg equiv. UA per g R)
Ph (Y1) 4.6 ± 0.2 (mg equiv. GA per g dw)
Ph (Y2) 106.6 ± 16.2 (mg equiv. GA per g R)
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- For the Tr-Y2, UAE was the best solution; 470.5 ± 41.7
mg equiv. UA per g extract was achieved at *40 min, *100.0 W
and *100.0% ethanol.
- For the Ph-Y1, the UAE technique was the best solution;
6.7 ± 0.7 mg equiv. GA per g dw was achieved at 29.4 min,
*100.0 W and 59.7% ethanol.
- For the Ph-Y2, HAE was the best solution; 125.9 ± 12.7
mg equiv. GA per g extract was achieved at 81.3 min, *90.0 °C
and 49.1% ethanol.
Comparing both techniques in terms of extraction efficiency,
UAE corresponded to significantly higher values than HAE,
probably due to compound’s degradation as described pre-
viously by other authors.40,41 Regarding the extraction time,
UAE was the fastest extraction method for almost all responses.
In the second part of Table 3 the global optimal conditions are
presented, as well as the relative response values:
- For HAE, the global conditions that maximize the
responses were 78.9 min, *90.0 °C and 62.5% of ethanol
corresponding to an extraction yield of 5.2 ± 0.6%, Tr content
in the dry material and in the extract of 14.6 ± 1.9 mg equiv.
UA per g dw and 285.7 ± 31.2 mg equiv. UA per g R, respect-
ively, and Ph content in the dry material and in the extract of
5.8 ± 1.2 mg equiv. GA per g dw and 116.3 ± 13.2 mg equiv. GA
per g R, respectively.
- For UAE, the global conditions that maximize the
responses were *40 min, *100.0 W and 89.5% of ethanol
corresponding to an extraction yield of 4.9 ± 0.6%, Tr content
in the dry material and in the extract of 17.4 ± 2.9 mg equiv.
UA per g dw and 435.6 ± 41.2 mg equiv. UA per g R, respect-
ively, and Ph content in the dry material and in the extract of
4.6 ± 0.2 mg equiv. GA per g dw and 106.6 ± 16.2 mg equiv. GA
per g extract, respectively.
Finally, Fig. 4 shows the summarized individual 2D
responses as a function of the defined variables for the HAE
and UAE techniques guiding the selection of the most favour-
able conditions. The line represents the variable response
pattern when the other responses are located at the optimal
values presented in the third part of Table 3. The dots (⊙) pre-
sented alongside the line highlight the location of the optimal
value. For all techniques and responses, the conditions that
lead to the optimal values were re-checked to ensure the accu-
racy of the presented results.
The interest to scale up processes to obtain the bioactives
of interest, such as the ones proposed in the present work (tri-
terpenes and phenolic compounds), can take advantages from
the data reported in Fig. 4. The data were organized in a
simple format to allow an easy interpretation of the responses.
For the developed models, other variables can be further
included in order to consider the minimization of costs (i.e.
energy and materials), which can contribute to the economic
viability of the process.
3.3. Dose–response analysis of the solid-to-liquid effect
under the optimum conditions
The S/L studies for the HAE and UAE techniques, performed
under the optimal global conditions predicted by the poly-
nomial eqn (4) to (11), are presented in the third part of
Table 3. For HAE, the conditions were: 78.9 min, 90.0 °C and
62.5% of ethanol, whereas for UAE, the conditions were:
40.0 min, 100.0 W and 89.5% of ethanol. The preliminary
obtained results showed that the experimental limit value at
the lab scale was close to 80 g L−1. Therefore, in both tech-
niques an experimental dose–response test was designed to
verify the S/L behavior between 10 g L−1 and 80 g L−1. In all
cases, the S/L effect can be described by a simple non-linear
relationship with an intercept, and in almost all cases, the
linear relationship shows a decreasing pattern as the S/L
ratio increases. The increase in the S/L ratio leads to a
decrease in the solvent extraction ability and the observed
decreasing patterns are expected due to the saturation
effects. Consequently, the dose–response is explained by
means of the linear parametric values of the slope (m) and
the intercept (b). The effects of the S/L dose–response for the
HAE and UAE techniques are presented in Fig. 4. In all cases,
the obtained responses through the HAE and UAE systems
are consistent with the previous results obtained using an
S/L ratio of 30 g L−1. Fig. 4 shows the experimental results
(dots: ● for HAE and ○ for UAE) and model predictions of
the linear relationship (lines) obtained for each technique.
The results derived from the linear fitting analysis are sum-
marized as follows:
- For the extraction yield, the HAE technique corresponded
to a predicted intercept of b = 4.2 ± 0.4% of R and a slope with
positive values (m = 0.069 ± 0.008%), which can indicate an
increase in the extract with the S/L ratio. This was the only
case that presented increased patterns as a function of the rise
of the S/L ratio. The reasons behind this may be the high
values of T applied (90.0 °C), which may help to dissolve other
substances even at high values of the S/L ratio. Meanwhile, for
the UAE technique b = 3.5 ± 0.2% of R and m = −0.005 ± 0.004%
of R per g per L.
- For the Tr-Y1 response for the HAE and UAE techniques,
the b values obtained were 16.4 ± 0.6 and 18.9 ± 0.5
mg equiv. UA per g dw, respectively. The decreasing m effect
caused by the S/L ratio increase were −0.066 ± 0.012 and
−0.091 ± 0.011 mg equiv. UA per g dw per g per L,
respectively.
- For the Tr-Y2 response for the HAE and UAE techniques,
the b values obtained were 325.6 ± 12.7 and 547.7 ± 15.3
mg equiv. UA per g R, respectively. The decreasing
m effect caused by the S/L ratio increase were −2.80 ± 0.25
and −2.12 ± 0.31 mg equiv. UA per g R per g per L,
respectively.
- For the Ph-Y1 response for the HAE and UAE techniques,
the b values obtained were 6.3 ± 0.2 and 4.9 ± 0.2 mg equiv.
GA per g dw, respectively. The decreasing m effect caused by
the S/L ratio increase were −0.023 ± 0.003 and −0.019 ± 0.004
mg equiv. GA per g dw per g per L, respectively.
- For the Ph-Y2 response for the HAE and UAE techniques,
the b values obtained were 140.6 ± 5.4 and 153.6 ± 3.7
mg equiv. GA per g R, respectively. The decreasing m
effect caused by the S/L ratio increase were −1.299 ± 0.107
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and −0.710 ± 0.073 mg equiv. GA per g R per g per L,
respectively.
Consequently, the dose–response in terms of all response cri-
teria can be explained by the parametric results derived from
the linear relationships and this trend was visually interpreted
in Fig. 4, for comparison purposes, in which the modelling pre-
dictions obtained for each technique are represented jointly up
to the determination of the experimental limit value of 80 g L−1.
3.4. Characterization of the optimized extract in terms of
individual triterpenoids and phenolic compounds by
HPLC-DAD-ESI/MSn
The global optimum conditions for Tr and Ph extraction by
using the HAE and UAE techniques are presented in Table 3.
These conditions were used to obtain extracts that were further
characterized by using HPLC-DAD-ESI/MSn.
Fig. 4 Illustration summarizing the effects of all variables assessed for the HAE and UAE systems. Part A: Individual 2D responses of all studied
responses as a function of all the variables assessed. The variables in each of the 2D graphs were positioned at the optimal values of the others
(Table 3). The dots (⊙) presented alongside each line highlights the location of the optimum value. The lines and dots are generated by the theore-
tical second-order polynomial models of eqn (2) to (6) for ME and eqn (7) to (11). Part B: Dose response of the S/L ratio at the optimal values of the
other three variables optimized using RSM. The points (● for HAE and ○ for UAE) represent the obtained experimental results, while the line shows
the predicted pattern by a simple linear relation. The limit value (80 g L−1) shows the maximum achievable experimental concentration until the
sample cannot be physically stirred at the laboratory scale.
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3.4.1. Identification and quantification of phenolic com-
pounds. The composition of G. lucidum extracts in terms of
phenolic compounds is presented in Table 4 (section A). Only
phenolic acids, such as protocatechuic, p-hydroxybenzoic and
syringic acids, were identified in the SE extract, p-hydroxy-
benzoic acid being the most abundant compound. Different G.
lucidum extracts have shown the presence of the above-men-
tioned phenolic acid with a slight dissimilarity, which could
be attributed to the differences in the extraction technique,
origin and variation under environmental conditions necess-
ary for the maturation of mushrooms.16 The phenolic com-
pound composition of the extracts obtained using the UAE
and HAE systems showed the presence of syringic acid, while
p-hydroxybenzoic acid was additionally present in the UAE
ethanolic extract. Under the optimum conditions, the corres-
ponding predicted response values for the Ph content in the
SE, HAE and UAE samples (based on a spectrophotometric assay)
were confirmed by HPLC-DAD-ESI/MSn (Fig. 5). As expected,
the results showed that the predicted concentrations were
slightly different from the experimental ones. The UV spectro-
photometric determination of total phenolics by using the
Folin–Ciocalteu assay is one of the most widely used methods
due to its simplicity and low cost, when compared to chroma-
tographic assays, which are highly sensitive and accurate. This
methodology is known to have interferences reacting also with
non-phenolic reducing compounds, which can lead to an over-
valuation of the phenolic content. Therefore, there are a lot of
controversies regarding the comparison of results obtained
from both methods and several scientific publications have
revealed conflicting results.42,43 Due to the large diversity of
chemical compounds in G. lucidum, the spectrophotometric
method is often unable to accurately quantify the phenolic
compounds present in the sample; however, it can be used to
conduct optimization studies because of its operational
advantages.
3.4.2. Identification and quantification of triterpenoids. A
HPLC-DAD-ESI/MSn approach was used in the present work
and it has proven to be successful in screening triterpene mix-
tures in ethanol extracts of G. lucidum, using two detectors,
DAD and ESI-MS, to obtain the UV absorbance and the mole-
cular weights, respectively, in order to ensure easy and accurate
identification (Fig. 5). ESI-MS spectra in negative modes were
used in the present study and all Tr gave [M − H]− and [2M − H]−
ions. Under the optimum conditions, the corresponding pre-
dicted response values for the triterpene content in the SE, HAE
and UAE samples were chromatographically confirmed to vali-
date the model. Even though not all compounds could be recog-
nised because they share the same mass and showed similar
retention times, a total of 24, 26 and 28 Tr were correctly
identified in HAE, UAE and SE, respectively (section B of
Table 4). Seven ganoderic derivative compounds (peaks 8, 12,
15, 18, 20, 25 and 28) were detected in all extraction tech-
niques. The Tr identified in the present work resulted from a
comparison with the literature data, regarding the UV spectra,
retention time and MS fragmentation pattern. The Tr profile
in G. lucidum often depends on the extraction method
employed and the geographical origin of the strain. However,
most studies have reported a good repeatability in the Tr
profile of G. lucidum.5,44–46 In all three extraction techniques
evaluated, ganoderic acid A (peak 22) and ganoderic acid H
(peak 23) were the most abundant Tr present. The experi-
mental results obtained under the optimum conditions were
found not to be significantly different from what was predicted
by the model, thus indicating the suitability of the model
employed and the success of RSM in optimizing the extraction
conditions for obtaining triterpenes from G. lucidum. The
extraction efficiency for the recovery of Tr compounds per
extraction technique has been established as shown in
Table 4. SE provided the highest results; nevertheless, the
extraction efficiency in HAE and UAE showed 35 and 30%
lower efficiencies, respectively, when compared with SE, which
could be very significant. However, the SE technique requires
high solvent consumption, long extraction time, and intensive
manpower which often contradicts the “green chemistry” and
“environmentally friendly” concept. Alternatively, the UAE
technique has been shown to overcome the challenges in the
Fig. 5 Example of the HPLC profiles derived from G. lucidum with regard to the content of Ph and Tr compounds. A representative case under the
optimal global conditions of UAE presented in Table 3. The identification numbers of the compounds are described in detail in Table 4.
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Table 4 Identification and quantification of phenolic compounds and triterpenoids in G. lucidum extracts produced under the determined optimal








H] (m/z) MS2 (m/z) Tentative identification
Quantification (mg per g R)
HAE UAE SE
A: Characterization of phenolic compounds
1 5.23 259 293sh 153 109(100) Protocatechuic acid — — 1.80± 0.01
2 8.39 257 137 93(100) p-Hydroxybenzoic acid — 0.364 ± 0.01 2.98 ± 0.01
3 11.51 280 197 121(100) Syringic acid 0.250 ± 0.001 0.260 ± 0.001 1.51 ± 0.01
Total phenolic acids 0.250 ± 0.001 0.620 ± 0.001 6.30 ± 0.01
B: Characterization of triterpenes





3.77 ± 0.03 7.18 ± 0.05 14.21 ± 0.02
5 30.8 256 533/1067 515(5), 497(21), 453(16),
423(11), 319(5), 303(8)
12-Hydroxyganoderic acid C2 5.01 ± 0.03 1.43 ± 0.04 4.51 ± 0.06
6 31.27 252 529/1059 511(10), 467(100), 449(11),
434(5), 431(15), 419(8), 312(8),
285(5), 263(11)
20-Hydroxyganoderic acid AM1 — 5.41 ± 0.06 11.40 ± 0.01
7 31.73 251 529/1059 511(13), 499(100), 481(6),
465(18), 438(28), 419(18),
367(11), 287(11)
12-Deacetylganoderic acid H 2.28 ± 0.04 3.62 ± 0.06 6.1 ± 0.14
8 32.28 255 547/1095 529(50), 511(41), 485(3),
467(100), 449(24), 431(26),
304(11), 265(7)
Ganoderic acid derivative 3.78 ± 0.03 5.27 ± 0.04 7.3 ± 0.1
9 33.94 258 531/1063 513(13), 451(3), 401(100),
385(5), 304(19), 301(45),
286(3), 249(27)
Ganoderic acid ɳ 5.50 ± 0.03 14.13 ± 0.08 25.41 ± 0.04
10 34.48 254 511/1023 493(23), 449(100), 431(5),
413(15), 405(3)
Ganoderic acid F 5.34 ± 0.03 12.46 ± 0.05 17.97 ± 0.02
11 35.37 265 529/1059 511(5), 467(100), 449(20),
437(29), 317(10), 301(5), 263(5)
12-Hydroxyganoderic acid D 4.15 ± 0.04 7.78 ± 0.05 6.86 ± 0.07
12 35.95 251 515/1031 497(100), 453(31), 437(8),
303(19), 287(5), 235(3)
Ganoderic acid derivative 11.03 ± 0.06 21.61 ± 0.06 21.20 ± 0.08
13 36.84 256 517/1035 499(100), 481(48), 456(17),
438(52), 407(8), 304(6), 287(35)
Ganoderic acid C2 17.92 ± 0.03 28.09 ± 0.08 38.70 ± 0.15
14 37.51 257 529/1059 511(5), 481(7), 467(100),
451(14), 438(38), 424(3),
319(5), 303(3), 301(5)
Ganoderic acid C6 10.50 ± 0.04 21.11 ± 0.04 29.10 ± 0.08
15 38.16 256 529/1059 511(58), 493(5), 449(10),
399(100), 301(3)
Ganoderic acid derivative 5.22 ± 0.06 11.07 ± 0.06 12.77 ± 0.01
16 38.46 256 531/1063 513(11), 498(15), 469(100),
454(29), 452(24), 437(6),
304(5), 302(6), 290(20), 266(7)
Ganoderic acid G 8.04 ± 0.02 14.31 ± 0.29 16.84 ± 0.07
17 38.75 248 513/1027 495(10), 480(16), 451(100),
437(14), 433(22), 407(17),
331(5), 315(3), 303(5), 287(5)
Ganoderenic acid B 13.12 ± 0.01 23.05 ± 0.50 10.66 ± 0.09
18 39.01 259 527/1055 509(26), 465(6), 397(100),
355(4)
Elfvingic acid derivative — — 10.41 ± 0.09
19 39.35 254 515/1031 497(10), 453(100), 439(5),
409(5), 304(21), 287(12),
263(3), 250(14)
Ganoderic acid B 18.86 ± 0.07 35.72 ± 0.02 23.99 ± 0.09
20 39.46 250 513/1027 495(100), 479(27), 462(12),
451(30), 433(31), 381(25),
301(15)
Ganoderic acid derivative 25.64 ± 0.03 44.70 ± 0.16 22.44 ± 0.10
21 39.66 261 513/1027 495(21), 480(5), 451(100),
433(24), 381(6), 301(6), 247(3)
Ganoderic acid AM1 — 11.56 ± 0.03 15.82 ± 0.01
22 40.29 254 515/1031 497(100), 480(5), 454(6),
436(10), 302(8), 301(4), 285(3)
Ganoderic acid A 28.79 ± 0.05 43.46 ± 0.20 36.77 ± 0.04
23 40.66 261 571/1143 553(100), 511(8), 481(3),
468(8), 437(3), 423(2)
Ganoderic acid H 27.32 ± 0.19 58.13 ± 0.03 41.05 ± 0.39
24 40.87 252 527/1055 509(20), 479(13), 465(100),
435(3), 421(3), 317(3), 301(3)
Elfvingic acid A — — 9.83 ± 0.01




Ganoderic acid derivative 6.12 ± 0.07 13.98 ± 0.05 11.56± 0.04
26 41.93 246 511/1023 493(12), 478(20), 449(100),
435(15), 431(4), 405(4), 329(3),
301(4), 285(5), 283(3), 261(4)
Ganoderenic acid D 12.38 ± 0.04 23.06 ± 0.04 10.27 ± 0.07
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traditional method, because of its fast and environmentally
friendly approach.
3.5. Assessment of extraction efficiencies between HAE and
UAE
The extraction of bioactive compounds from natural matrices
using solid–liquid extraction systems constitutes an important
step to obtain ingredients to produce phytochemical-rich pro-
ducts. This is in accordance with the current trends where
increasing interest is devoted to the use of natural-derived
ingredients in different industrial fields. Over the years, the
conventional extraction systems were predominantly
applied.47,48 Traditional methods such as SE and HAE have
been used everywhere for many different purposes. They are
often time-consuming and require large quantities of polluting
solvents in comparison with other emerging technologies.
However, in terms of efficiency (extraction yield and purity), SE
is described as the standard chemical extraction process at the
laboratory scale. Nonetheless, by itself, it is an optimized
extraction system and in addition, the literature offers a large
number of practical examples that report the favourable con-
ditions.49 Additionally, its sister in industrial applications, the
repeated heat extraction, has been used by the food processing
industries and researchers with the purpose of extracting more
efficiently major and minor compounds.
However, to maximally recover compounds of interest from
natural sources, while also taking into consideration environ-
mental factors, financial feasibility, time and extraction
quality, non-conventional technologies have been applied
(such as UAE as well as pulsed electric field, enzyme digestion,
extrusion, microwave assisted extraction, supercritical fluid
extraction, etc.). New extraction techniques are continuously
developed and/or modified to properly identify the most suit-
able technique that maximally increases the recovery of bio-
active compounds.
Even though there are reports on the optimization of Tr
extraction from natural matrices,37 only Ruan et al.13 (2014)
have been able to report the effects of different extraction vari-
ables on the extraction efficiency of Tr from G. lucidum. The
above authors reported that the Tr yield was 13.23 mg per g dw
when the extraction conditions were 100% ethanol, 60.2 °C
and 6 h. Wei et al.37 (2015) reported an increase in Tr extrac-
tion from Jatropha curcas L. using the UAE system from 14.39
to 19.51 mg per g dw as the solvent proportion increased from
50 to 75%, respectively. Also, as the time increased from 10 to
40 min, the extraction yield increased from 12.50 to 18.93 mg
per g dw, respectively. The above authors reported an
optimum yield of 26.7 ± 0.2 mg per g dw at 70% ethanol,
50 min and 100 W, values that are consistent with the Tr-Y1
content reported in the present work of 28.4 ± 4.1 mg per g dw
under the optimal individual conditions (Table 3, 100% of
ethanol, 40 min and 100 W). Studies conducted by Gao et al.36
(2011) revealed an optimal extraction yield of 1.09% for the
HAE system at 90% ethanol, 120 min and 80 °C while it was
5.0 ± 0.6% in the present work (Table 3). The dissimilarity in
the above response could be due to the influence of the appli-
cation of mathematical and statistic techniques to maximize
the recovery. To the authors’ best knowledge, no previous
studies have been conducted on the optimization of the extrac-
tion of Ph compounds from G. lucidum using the UAE and
HAE systems. However, Lin, Yu, & Weng50 (2012) conducted an
optimization study using the supercritical fluid extraction
technique, obtaining optimum extraction values at lower
temperatures.
4. Conclusions
The SE, HAE and UAE extraction techniques have been exam-
ined, optimized and compared with regard to the recovery of
bioactive compounds from G. lucidum. The results showed that
the main variables involved in these processes have significant
effects on the extraction yield. The UAE system was found to
be the most effective and fastest method for Tr extraction,
capable of yielding 17.4 ± 2.9 mg equiv. UA per g dw and pro-
ducing 4.9% R (49 mg R per g dw) with a purity of 435.6 ±









H] (m/z) MS2 (m/z) Tentative identification
Quantification (mg per g R)
HAE UAE SE
27 42.55 255 513/1027 495(16), 451(100), 437(6),
433(3), 407(4), 301(23), 286(3),
284(11), 247(8)
Ganoderic acid D 15.17 ± 0.09 17.61 ± 0.12 11.31 ± 0.01
28 42.74 245 509/1019 491(100), 476(18), 461(34),
447(15), 429(3), 417(3), 300(5),
299(4)
Ganoderic acid derivative 13.37 ± 0.13 28.36 ± 0.04 12.81 ± 0.08
29 43.15 256 511/1023 493(100), 449(65), 435(3),
300(5), 247(4)
Ganoderic acid E 12.84 ± 0.03 31.53 ± 0.08 10.81 ± 0.07
30 43.95 255 569/1139 551(100), 509(35), 508(21),
466(8)
12-Acetoxyganoderic acid F 15.91 ± 0.03 32.59 ± 0.12 12.08 ± 0.07
31 44.92 272 513/1027 451(100), 437(8), 433(3),
422(3), 301(5)
Ganoderic acid J 8.41 ± 0.16 14.05 ± 0.42 2.92 ± 0.05
Total triterpenoids 280.46 ± 0.11 531.26 ± 0.24 455.01 ± 1.47
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ditions. Meanwhile, HAE was found to offer a better result for
the Ph extraction showing 5.8 ± 1.2 mg equiv. GA per g dw and
producing 5.2% R (52 mg R per g dw) with a purity of 116.9 ±
13.2 mg equiv. GA per g R under its optimal extraction con-
ditions. In global terms, applying the RSM conditions by using
the UAE technique leads to higher amounts of compounds but
also higher extraction yields than those found in HAE and SE,
but the costs involving the use of this technique at the indus-
trial scale may not cover the investment needed. This work
offers an overview through environmentally compatible extrac-
tion processes, in which G. lucidum is subjected to ‘clean’
technologies able to integrate a potential industrial sector in a
sustainable approach. The obtained results indicate the viabi-
lity of using G. lucidum as a productive source of an enriched
extract with bioactive compounds. Under the optimum con-
ditions, HPLC-DAD-ESI/MSn confirmed the validity of the
model with a total of 24, 26 and 28 Tr correctly identified in
the HAE, UAE and SE extracts, respectively. Protocatechuic,
p-hydroxybenzoic and syringic acids were identified in the SE
ethanolic extract. The HAE system showed the presence of only
syringic acid while p-hydroxybenzoic acid was additionally
present in the UAE extract. In addition, the present work can
reinforce the potential of G. lucidum to serve as a source of bio-
active compounds to be used as natural additives in functional
foods, as cosmeceutical ingredients and as novel compounds
with pharmaceutical potential. Because of the widespread
presence of Tr and Ph compounds in G. lucidum, further
studies should be conducted using the optimal extraction con-
ditions determined in the present work.
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